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Ailanthus altissima (tree of heaven) is a non-native invasive tree spreading within central 
Appalachia.  This dioecious, deciduous, and allelopathic species copiously produces 
samaras, capable of traveling at least 200 m through primary wind-dispersal.  Removal of 
A. altissima individuals prior to timbering and other forest disturbances may help prevent 
spread into forest interiors.  To aid in species management, this study investigated the use 
of remote sensing to identify the location and abundance of samaras in mixed mesophytic 
forests through supervised classifications.  From empirical measurements, the estimated 
number of seeds per classified unit area was determined and the relationship between 
quantified propagule sources and individual seed primary dispersal was spatially modeled 
using a cellular automata model.  The predicted seed dispersion pattern was compared to 
empirical seed trap measurements.  Secondary seed dispersal, germination and seedling 
survival parameters were determined through field experiments.  Specifically, I found 
that remote sensing can be successfully used to distinguish A. altissima samara clusters 
from surrounding closed canopy vegetation.  The identified total area of classified A. 
altissima samara clusters was determined to be linearly related to total canopy seed yield, 
however model predictions of seed dispersal patterns generally predicted greater numbers 
of seeds per seed trap compared to measured outcomes.  Seed dispersal predictions using 
all classified A. altissima samara clusters provided no positive relationships with 
observed values (Site II, p=0.2997; negative relationship at Site III, p=0.0053).  Manually 
delineating seed sources through photo interpretation resulted in a positive relationship 
between model estimates and observed seed rain (Site II, p=0.0225), but may still contain 
commission errors (Site III, p=0.7002).  Microsite survey observations of seed 
germination indicate the frequency of safe sites was high in disturbed environments 
(canopy gaps), but seedling survival was negligible in the year this study was performed.  
Measurements of secondary dispersal on land and water (hydrochory) indicate the species 
can be dispersed with multiple dispersal agents.  Hydrochory was shown to be able to 
contribute greatly to the species’ long distance dispersal, as seeds can reach water bodies, 
stay viable for long periods of immersion, and can be dispersed downstream distances 
more than two orders of magnitude greater than primary dispersal. This was the first 
demonstration of hydrochory in this species. From these studies, it appears that polychory 
may contribute greatly to this species dispersal and I can infer the same polychory occurs 
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Chapter 1: General Introduction  
 
Biotic invasion can be defined as rapidly spreading exotic species having 
detrimental effects on the environment (Mack et al. 2000).  While most incidences of 
invasion of exotic species may be unsuccessful, occasionally some species thrive in the 
new landscape and outcompete their neighbors.  Invasive plants can become established 
in the landscape and cause rapid changes to the plant community.  Over time, they can 
dominate native species by competing for light, water, and nutrients (Knapp and Canham 
2000).  Some invasives also retard growth of neighboring species by releasing 
allelopathic chemicals into their environment (Call and Nilsen 2003).  With the continued 
presence of the invasive, native species may be prevented or hindered from re-
establishing themselves within the same community (Callaway and Aschehoug 2000), 
reducing biodiversity. 
Invasion is aided by natural or human-caused disturbance (Mack et al. 2000).  
Within the eastern United States, timber harvesting is projected to rise over the next 35 
years (Adams et al. 2000).  The skid trails associated with log removal, and canopy-gaps 
formed by tree felling may facilitate invasive plant species to become established (Gaddy 
and Kohlsaat 1987, Trombulak and Frissell 2000, Call and Nilsen 2003).   
Within central Appalachia, an exotic tree, Ailanthus altissima, has invaded 
neighboring disturbed forests (Call and Nilsen 2003, Kota 2005).  The species is 
dioecious, deciduous, and produces copious amounts of wind-dispersed samaras 
(Landenberger et al. 2007).  Some experimental work suggests A. altissima’s leaf litter is 
allelopathic (Heisey 1990, Lawrence et al. 1991, Heisey 1996).  Further, it dominates 
canopy-gaps, and is able to grow rapidly into the canopy (Knapp and Canham 2000), 
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often outcompeting economically valuable early-successional native trees, such as 
Robinia pseudoacacia (Call 2002) and Liriodendron tulipifera (Kota 2005), especially in 
the quantity of germinated seeds (Kota et al. 2007).  
Management of A. altissima to curb invasion into timbered areas may be possible 
through removal of all female trees within 200 m of a timbering operation prior to harvest 
(Kota 2005, Landenberger et al. 2007).  One limitation to the feasibility of this practice is 
pinpointing the location of all of the female trees, particularly over large areas.  Because 
of its dispersed pattern across the landscape, surveys by foot are unsuitable for the task of 
finding female trees, but the development of new technologies, specifically in remote 
sensing, may allow for rapid detection over large sites. 
Remote Sensing 
Remote sensing provides an opportunity to census large plots, captured as an 
image from afar (Lillesand and Kiefer 2000).  If their acquisition is well-timed and they 
contain sufficient spatial and spectral resolution, these images can be used to classify 
objects.  Recent trends toward capturing higher resolution images have led to 
improvements in the ability to detect and classify individual tree crowns (Clark et al. 
2002, Lass et al. 2002, Brandtberg et al. 2003, Lass and Prather 2004).  This was shown 
in an analysis of multi-temporal images in a northern West Virginia eastern hardwood 
forest that produced 76% species recognition (Key et al. 2001).  Using current 
technology, it is unknown if a meaningful (beneficial to management) analysis can be 
produced for A. altissima.  
A. altissima may have a unique phenospectral signature that will allow this 
species to be distinguished from others (Key et al. 2001, Ustin et al. 2004).  For example, 
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anthocyanins are conspicuous reddish leaf pigments, apparent in many species in both 
spring and fall, as well as in new tissues produced throughout the growing season 
(Gitelson et al. 2001).  Furthermore, high total chlorophylls produced by A. altissima are 
indicated by strong absorption at blue and red wavelengths (Wolf 1956) and may provide 
unique absorption features in combination with the anthocyanin pigments.   
Additionally, if spatial resolution is high enough, the large, spaced samara clusters 
produced by female A. altissima trees may be distinctive.  As the samaras ripen over late 
summer, they display varying levels of pigments, which may appear unique spectrally 
(ranging from bright green to orange to red) and texturally to other non-seed-bearing 
canopy species.  This phenology may not only allow for A. altissima classification from 
surrounding species, but also allow for identification of all female A. altissima. 
 Once classified and located spatially, A. altissima individuals can be incorporated 
into a spatially-explicit model.  With information on location, density, and surrounding 
environment, a projection of how each tree could contribute to the spread of the species 
into the neighboring landscape could be produced. 
Seed Dispersal and Ecological Modeling 
Seed dispersal models provide powerful predictive tools for the management of 
species. They have been used to depict seed movement from each parent across a 
spatially-explicit landscape (He et al. 1999) and explain the variation in vegetation cover 
for invasive trees (Rouget and Richardson 2003).  These propagule pressure predictions 
can indicate where a species is likely to expand its range (Eppstein and Molofsky 2007) 
as propagule pressure drives the spread of invasion into a plant community (Lockwood et 
 3
al. 2005, Von Holle and Simberloff 2005).  In areas of predicted propagule abundance, 
management efforts can be prioritized to minimize species establishment. 
Seed dispersal model construction requires the incorporation of elements known 
to be a factor in the seed dispersion pattern.  For example, previous research has shown 
that the dispersal curves of anemochorous (wind-dispersed) species can vary by 
landscape features and vegetation (Landenberger et al. 2007).  Elements used in a model 
must be parameterized across an environmental gradient that reflects the model location 
(e.g. aspect and prevailing wind), which may be aided by remote sensing. Due to the 
spatially-explicit format of remote sensing data, one may be able to quantify not only the 
total propagules per parent, from the seed cluster size and frequency, but also classify 
surrounding landscape features.  These parameterizations may be used in spatial 
modeling.  In 2004, Molofsky and Bever proposed use of cellular automata in 
determining patterns of ecological systems.  Taken together, using previous research, my 
own studies, and advances in remote sensing, I will incorporate elements influencing 
primary seed dispersal to predict the A. altissima seed dispersion pattern using rule-based 
cellular automata.  
After seed dispersal, seed germination and seedling survival are known to also 
vary by environmental conditions.  For example, A. altissima has known limitations on its 
germination and growth depending on the microsite it occupies.  Specifically, 
germination is reduced in the shade of a full canopy (Kota 2005, Kota et al. 2007) and 
depends on aspect within disturbed forests (Kota 2005, Kota et al. 2007).  Call and Nilsen 
(2003), in Virginia forests,  found A. altissima occurrence to be limited to areas of high 
soil disturbance, similar to Kota et al.’s (2007) findings of seedling survival rates being  
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higher in disturbed forests and dependent  on aspect.  Therefore, parameterization of 
species response to environments would be implemented when modeling species 
germination rate and seedling survival.  A completely parameterized model may 
determine the suitability of each microsite for a species.  In the case of an invasive 
species, microsites indicated by the model to be suitable would represent areas at risk of 
invasion.   
 The objectives of this study were to:  (1) Develop a classification algorithm to 
detect female A. altissima in aerial imagery, using spectral information.  (2) Create an 
ecological model projecting seed dispersal of A. altissima over a landscape.  (3) Conduct 
field validation of model predictions by surveying over landscapes.  (4) Characterize A. 
altissima secondary seed dispersal, germination, and seedling survival by surveying 
microsites across a landscape.  
 The first three objectives of detecting female A. altissima in aerial imagery along 
with predicting and validating seed dispersal are presented in Chapter 2 and written for 
publication in Remote Sensing of Environment.  The fourth objective involves future 
model parameterization of seed germination and survival across landscapes and is 
presented in Chapter 3.  Additionally, model parameterization of secondary dispersal was 
examined using A. altissima in aqueous environments, with an emphasis on potential 
hydrochory of terrestrial species.  The hydrochory work is presented in Chapter 4 and has 
been submitted for publication in Forest Science. 
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Chapter 2:  Remote Sensing Determination of Propagule 




How a community responds to disturbance depends largely on what species arrive 
and colonize the open niches (Grubb 1977, He and Mladenoff 1999, Kolar and Lodge 
2001).  With increasing frequency, natural communities are receiving high numbers of 
propagules (e.g. seeds) from invasive species (With 2002, With 2004, Lockwood et al. 
2005), which can outcompete economically and ecologically valuable native species 
(Pimentel et al. 2000, Call and Nilsen 2003, Pimentel et al. 2005).  Control of unwanted 
invasive species before a disturbance is a viable option for preventing dominance, but 
requires the removal of reproductive individuals contributing to the seed rain (Mack et al. 
2000, Kota et al. 2007, Landenberger 2007).  Management of a species is aided by early 
identification of the presence of threatening species and their spatial location (Kolar and 
Lodge 2001, Byres et al. 2002).  For example, the invasive, non-native tree species, 
Ailanthus altissima (tree of heaven) is poised to expand its range within central 
Appalachian forests after spreading from city centers through the 20th century to 
disturbed land through production of copious wind-dispersed seeds and rapid growth 
(Gleason and Cronquist 1963, Feret 1985, Knapp and Canham 2000, Call and Nilsen 
2003, Kota et al. 2007, Landenberger et al. 2007).  Due to low economic value and 
negative ecological effects (Swearingen 1999), A. altissima population control would be 
desirable.  Based on dispersal data, removal of all seed-bearing trees within 200 m of a 
disturbance site has been recommended (Kota et al. 2007, Landenberger 2007).  
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While intensive ground based surveys can pinpoint the location of potential invaders, 
this method is time-consuming and therefore may be impractical (Ustin et al. 2004).  
However, knowing the precise location of propagule sources over large areas would be 
valuable for mitigation efforts because colonization by an invasive plant population is 
often limited by the propagule pressure on a region (Leung et al. 2004, Lockwood et al. 
2005). 
Propagule pressure is defined by the number of dispersal events as well as the number 
of propagules an area receives (Lockwood et al. 2005).  To quantify propagule pressure, 
one needs to know not only the location of reproductive individuals and the dispersal 
curve of their propagules, but also the quantity of seeds the individual holds.  One way to 
determine seed production indirectly is to establish a relationship to vegetative mass of 
the tree (Samson and Werk 1986).  For example, Greene and Johnson (1994) found short 
term positive relationships between both basal area and leaf mass to seed production, 
however measurements of these attributes would require intensive ground based surveys.  
As an alternative to intensive ground surveys, remote sensing allows surveys covering 
large areas, in a relatively short time span (Carson et al. 1995).  Identification of 
landscape cover type (Ustin et al. 2004) and classification of invasive plants has been 
successful for monotypic vegetation covers (Lass and Prather 2004).  However, with 
enhancements of spatial resolution, there has been increased emphasis on identifying 
individuals of a species in mixed communities (Key et al. 2001, Brandtberg et al. 2003, 
Landenberger et al. 2003, Lamar et al. 2005).  If remote sensing can be used to not only 
identify a species, but quantify seed production of that species, it could become an even 
more useful tool in management of plant communities.  Previous work in agricultural 
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settings has shown that remotely sensed imagery can predict seed yield months before 
maturity (Shanahan et al. 2001, Pinter et al. 2003), but the application has had little 
utilization in natural communities thus far (Joshi et al. 2006). 
Successful remote sensing of tree species is aided if the target class has a distinctive 
phenospectral signature (i.e. the timing of a biological appearance that has a characteristic 
spectral pattern) within the landscape (McGraw et al. 1998, Lass and Prather 2004), at 
least for a brief period of the year.  In terms of the invasive A. altissima, field 
observations suggest this species may have a unique phenospectral signature that will 
allow it to be distinguished from others (Key et al. 2001, Ustin et al. 2004).  For example, 
anthocyanins are conspicuous reddish pigments present in leaves of many species in both 
spring and fall (Gitelson et al. 2001).  Actively growing A. altissima tissues produce 
anthocyanins that are visible until midsummer, when apical growth ceases.  Furthermore, 
high total chlorophylls produced by A. altissima leaves are indicated by strong absorption 
at blue and red wavelengths (Wolf 1956), which may provide, in combination with the 
anthocyanin pigments, a characteristic absorption pattern. 
It may also be possible to use remote sensing to differentiate between the sexes of this 
dioecious species.  If spatial resolution is high enough, the large, spaced samara clusters 
produced by female A. altissima trees may be distinctive in aerial imagery.  As the 
samaras ripen in late July and early August, they display varying levels of pigmentation, 
which may be characteristic both spectrally (ranging from bright green to orange to red) 
and texturally compared to other non-seed-bearing canopy species.  This phenology may 
not only allow differentiation of female A. altissima from surrounding species, but also 
provide measures of A. altissima seed production for the population as a whole. 
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Upon completion of a spatially-explicit population survey of propagule source 
location and quantity, propagule dispersal and subsequent propagule pressure can be 
predicted (DiFazio 2002, Rouget and Richardson 2003).  Using a mechanistic cellular 
automata model (Travis and Dytham 1998, Molofsky and Bever 2004) will allow for 
incorporation of parameters influencing the seed dispersal pattern of a population in a 
landscape (Ribbens et al. 1994, Nathan and Muller-Landau 2000).  Due to the high 
resolution and large-scale surveys provided through remote sensing, model predictions 
may suggest which portions of a landscape are potentially subject to invasion (Lass et al. 
2002, Lass et al. 2004). 
The purpose of this study was to determine if high-resolution imagery could be 
used to (1) distinguish A. altissima female trees by the presence of samara clusters within 
a diverse mixed mesophytic forest community and (2) quantify A. altissima seed sources.  
Using the identified propagule pressure sources, this study will (3) project the seed 
dispersion pattern of A. altissima using a spatially-explicit dispersal model and (4) 
validate predictions using field observations of seed rain.   
The following studies were performed over two years across multiple sites in a mixed 
mesophytic forest landscape using a combination of aerial surveys and field work.  We 
hypothesized that A. altissima samara clusters would have a unique recognizable 
signature allowing us to identify sources and quantity of propagule pressure, enabling 




Study Sites  
Three sites were used for field measurements and empirical validation.  At Site I 
(Figures 2.1-2), an aerial survey followed by destructive sampling of A. altissima 
canopies was used to determine the relationship between pixels classified as samaras and 
seed production.  The site, located 7.6 km northeast of Morgantown, WV, contained over 
20 A. altissima females and ranged in elevation from 274 m to 365 m.  
Aerial surveys of A. altissima and field measurements of seed rain occurred at two 
additional study sites, both located along the river-fed impoundment of Cheat Lake, WV, 
and ranged in elevation from 271 m to 354 m (Figure 2.1).  Both sites contained south-
facing closed canopy forest and fields.  Site II (Figures 2.3-4), ca. 25 ha in size was used 
to assess classification accuracy rates over two years and validate predictions of seed 
rain.  Site III (Figure 2.5), with an area of 18 ha and was used to assess classification 
accuracy in 2006 as well as validate model projections of seed rain.  A total of 137 and 
173 mature A. altissima females were contained in or within 200 m of Site II and Site III, 
respectively. 
Reflectance Features and Phenology  
Spectral reflectance factor measurements of A. altissima and surrounding mixed 
mesophytic canopy tissues in northern West Virginia were made using a field 
spectroradiometer (Analytical Spectral Devices Inc. Full Range spectrometer, processed 
using ViewSpec Pro RS3 v2.1 software) on July 10, 2005 at noon in full sun.  The A. 
altissima samaras at this date exhibited the characteristic high anthocyanin as shown by a 
distinctive red color (Gitelson et al. 2001).  A Spectralon® barium sulfate reflectance 
standard was used to normalize for incident radiation.  The instrument was used without 
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foreoptics, which results in an estimated 20 degree field of view.  The mean value of ten 
spectral measurements per vegetation class was used to account for variation of tissue 
and radiance.   
The pigmentation of A. altissima seeds varies over time and location.  To ensure 
year-to-year accuracy, aerial surveys were conducted over two years during peak seed 
cluster size and coloration intensity.  In addition, overhead digital images of two A. 
altissima populations were obtained from an elevated ground position every two weeks to 
document phenological events of fruit development and desiccation that may influence 
spectral reflectance.  
Classification of Samara Locations 
Aerial images obtained for A. altissima samara identification were acquired in one 
flight per year during peak samara coloration.  On August 3, 2005, three flightlines were 
flown over Site II (Figure 2.3).  On August 23, 2006, three flightlines were flown over all 
sites (Figures 2.2, 2.4-2.5).  The images were captured from a light aircraft traveling at 
approximately 51 m/sec and 800 m above ground level, using a digital color Sigma SD9 
camera.  The images were acquired with a shutter speed of 1/1000 sec.  Each image 
covered approximately 230 m by 153 m, with 10.1 cm pixels.  The Sigma camera is 
particularly suited for quantitative remote sensing because its Foveon CCD measures 
radiance intensity separately for each of the three bands of color (RGB) for each pixel, 
obviating the inaccuracies inherent with interpolation, associated with most other small 
format digital cameras. 
The images were georectified using piecewise polynomials in ERDAS IMAGINE 
9.0, with bicubic resampling and a control point error totaling <0.3 per image.  
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Cartographic control was obtained from 2003 West Virginia State Address and Mapping 
Board color digital orthophotos, which have 60 cm pixels.  
Supervised classification was conducted using training sites totaling >100 pixels 
for A. altissima samara clusters and non A. altissima samara clusters cover types, using 
Mahalanobis distance as a parametric rule.  Each flight line was classified separately, 
with its own set of training data.  Post classification smoothing was accomplished by 
replacing any isolated clump of less than nine contiguous pixels (918 cm2) of the same 
class with the most common class of the neighboring pixels (Lamar and McGraw 2005). 
The threshold of nine pixels was chosen from field observations of the minimum size of 
the samara clusters within the canopies of seed-producing A. altissima trees.  Each flight 
line was classified separately, and then mosaicked.  Applying the classifications 
separately prior to mosaicking was a simple way to deal with the slight differences in 
illumination intensity between the different flightlines.   
The locations of A. altissima female boles were mapped in the field in February 
2007 using a GARMIN V GPS.  The canopy extent of each A. altissima female “canopy 
unit”, defined as an unbroken single canopy or contiguous stand consisting primarily of 
samara tissue, was manually delineated on the aerial imagery based on field work and 
photo interpretation of the images.  Manual masks were applied over large continuous 
areas consisting primarily of field, water, and man-made features that were lacking A. 
altissima canopy units to simplify the classification process.  
Assessment of classification accuracy of samaras and non-samara cover types was 
determined using 200 random samples per class, to determine the standard “pixel-based” 
overall classification accuracy (Congalton et al. 1983) and Kappa statistics (Cohen 1960) 
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for the each of the mosaicked site images.  All random samples were selected from areas 
not used as training sites.  Each site classification mosaic was then vectorized. 
The classification accuracy for each site was also assessed by overlaying the 
classification of A. altissima samaras on the matching canopy unit, using the 
methodologies of “object-based” correspondence adapted from Lamar et al. (2005).  A 
successful correspondence of a classified A. altissima samara polygon to its respective 
manually delineated A. altissima canopy unit was defined as at least a 25% overlap in 
area between a group of classified pixels and a canopy unit.  This ¼ agreement may be 
low compared to other studies (Lamar et al. 2005), however, the random arrangement of 
seed clusters only cover a small proportion of an A. altissima canopy.  An analysis of 
covariance (ANCOVA) was used to determine the relationship between the classified 
samara area (Y), the area of the canopy unit (X1), and study site (X2) (SAS JMP v. 5.1.2).  
If required, dependent variables for all tests were transformed to meet the assumption of 
normality (or a Shapiro-Wilk W >0.8).  Statistical significance for all tests was 
recognized when p < α = 0.05.   
Seed Quantity 
Seed quantification of A. altissima was obtained empirically by harvesting all 
samaras of six canopy units of A. altissima females that were manually identified in aerial 
imagery at Site I, three from the edge and three from the interior of the canopy.  Some 
canopy units contained individual trees, while others contained multiple boles, likely 
clonal progeny of one original stem.   
Each bole within the selected canopy units was felled separately in September, 
2006 after seed desiccation, but before dispersal.  Up to ~10% of the seeds escaped 
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collection by scattering broadly upon felling.  Seeds remaining near or on the tree were 
collected, with the percent of uncollectible seeds being estimated visually.  Seeds were 
allowed to air dry at ca. 17-21 ºC and 40-50% relative humidity for three months.  Dried 
seeds were then removed from stems and peduncles, and weighed.  From each tree 
harvested, two 25 g samples of seeds were counted, and then total seed number per tree 
was estimated by extrapolation from the total weight. 
Aerial images of Site I were processed, classified, and assessed using similar 
methodologies previously described in the previous section, Classification of Samara 
Locations. 
A linear regression was used to determine the relationship between total estimated 
seeds per canopy unit (Y) and the total area of classified samara pixels per A. altissima 
canopy unit (X) (SAS JMP v. 5.1.2).  To determine if canopy unit area predicts the 
number of seeds, a linear regression was used to determine the relationship between total 
estimated seeds per canopy unit (Y) and the total area per A. altissima canopy unit (X) 
(SAS JMP v. 5.1.2).  Finally, to establish if ground-based quantification could produce 
yield estimates, a log-linear regression was used to determine the relationship between 
the total estimated seeds per harvested tree (Y) and diameter at breast height (dbh) 
measured in cm (X) (SAS JMP v. 5.1.2).  
Seed Rain Measurements 
To determine the A. altissima seed rain over the study sites, 400 0.25 m2 seed 
traps constructed of 13 cm high aluminum flashing with nylon mesh screen attached to 
the bottom (adapted from Landenberger et al. 2007) were evenly divided between Site II 
and Site III.  Traps were staked down randomly within a total of eight 25 m x 50 m study 
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areas contained in one of five microsites; canopy gap, closed canopy forest, forest/field 
edge, field, and forested shoreline.  Each study area started with a minimum of 25 traps 
and was within 200 m of at least one mature A. altissima female (Table 2.2).  The traps 
were deployed October 25, 2006 and observed for A. altissima seeds December 21, 
February 8, March 30, and June 13, 2007, with careful removal of all leaf debris on each 
date (Kota 2005, Landenberger et al. 2007).  
We manually delineated the extent of each seed trap on the aerial imagery based 
on GPS field work obtained in February 2007 and photo interpretation of the images 
(accuracy ca. 5 m).  The percent slope of each trap was obtained using a Warren-Knight® 
abney level.  Due to steep slopes and wind, some traps were overturned between 
censuses, however, only traps with a complete record were used for comparison against 
seed dispersion model predictions (Table 2.2).   
Modeling and Validating the Seed Dispersion Pattern 
 A spatially-explicit dispersal model, similar to a cellular automaton model 
updated once (Molofsky and Bever 2004), was developed to predict the seed dispersion 
pattern of A. altissima samaras across a landscape (MATLAB v. 7.4.0.287 (R2007a)).  
The point-source model used masked classified site mosaics consisting of 16-bit tiff 
images for parameterization of the landscape size, propagule pressure sources, and 
quantity.  Projections of Site II and Site III’s 2006-2007 seed dispersion patterns were 
produced using two methods: (i) Using all classified A. altissima samara cluster pixels, 
and (ii) using the classified A. altissima samara cluster pixels only within the manually 
delineated canopy units.  
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Cell sizes varied slightly for the two sites due to image projections, with each 
classified samara cluster cell representing 139 or 163 seeds for Site II and III, 
respectively.  These densities were determined from the linear regression results 
described above.  The model projected each seed’s dispersal distance from its source cell 
based on a probability calculated from an exponential curve fit of mean seed dispersal 
frequency (Equation 1) for A. altissima samaras from point source measurements of two 
field and forest sources (Landenberger et al. 2007), where x equals the distance from the 
source and y equals the relative abundance: 
(1) xey 0208.02054.0 −=
For simplicity, we assumed there was no variation in seed dispersal by direction 
(direction of dispersal was a function of a random number generation), elevation, or 
vegetation cover class, and that the maximum dispersal distance was 200 m (Kota 2005, 
Landenberger et al. 2007) (Appendix).  A matrix of cells receiving seed rain could 
remain empty, receive one seed, or receive multiple seeds.  Each projection was run 100 
times, to produce a mean seed dispersal total for each cell. 
The resultant mean seed dispersal pattern projections were georeferenced to 
mapped canopy units using ArcGIS 9.2, then overlaid with spatially explicit field 
observations of seed rain (seed traps).  Due to the discrete nature of cellular automata, the 
number of cells within a seed trap varied (Figure 2.6), however the summation of mean 
predicted seed rain per trap was normalized by area.  To validate the dispersal models, 
four linear regressions were used to determine the relationship between the measured 
seed rain per seed trap (Y) and the normalized predicted seed rain sum per trap at each 
site using parameterization model method i or ii (X) (SAS JMP v. 5.1.2), with measured 
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seed rain observations weighted by the exposed cross-sectional area of the trap as 
modified by slope.  Due to the wide range of observed and predicted seed rain, and a 
preponderance of zeroes, residuals were skewed to the right. 
 
Results 
Reflectance Features and Phenology 
In the visible wavelength range, the mean peak reflectance factor of A. altissima 
upper and lower surface samara tissue was observed to occur at a wavelength of 585 nm 
and 574 nm, respectively.  The mean peak reflectance factor of all leaves sampled was 
557 nm, 28 nm shorter than the upper surface samara tissue (Figure 2.7).  Peak visible 
wavelength reflectance factor of upper and lower surface samara tissue was 28.1% and 
54.4%, respectively, while neighboring tree canopies had a mean peak reflectance factor 
of 26.2%. 
Starting June 28, 2005 and 2006, ground-based images showed that developing A. 
altissima samaras appeared to produce red (anthocyanin) coloration, which intensified 
until the end of July (July 27, 2005) or early August (August 10, 2006) (Appendix).  The 
date of peak samara coloration varied between years, possibly due to yearly weather 
variation (Chmielewski and Rtözer 2001).  Anthocyanin pigmentation of seeds varied 
among trees and has been observed to vary with exposure to sunlight (e.g. upper and 
lower surfaces) (Merzlyak and Chivkunova 2000).  Seed color loss and desiccation did 
not begin prior to late August (August 30, 2005) or early September (September 8, 2006). 
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Classification of Samara Locations 
The overall and specific classification accuracy varied by year, but similar 
patterns of users and producers accuracy were obtained (Table 2.1; Figures 2.7-2.10), 
with high rates of commission error (low users accuracy) for A. altissima samaras 
occurring on bright closed canopy and bare soils.  Omission rates of A. altissima samara 
tissue were low or zero.  However, more detail of these rates can be interpreted from the 
correspondence assessment below.  Kappa values for non A. altissima covers were 
similar between years and study sites (1.00), but close to random values of ~0.05 for A. 
altissima samaras.  Low overall accuracy and Kappa values reflect the low proportion of 
A. altissima samara pixels available for sampling (all random samples were selected from 
areas not used as training sites).  Specifically, classified A. altissima samara pixels 
represented 2.88% of Site II’s cover in 2005.  In 2006, A. altissima samara pixels 
represented only 1.93% and 2.02% of Site II and Site III, respectively. 
Assessment of 1:1 correspondence (≥25% overlap) between the area of classified 
A. altissima samaras and the area of manually delineated canopy units of Site II for 2005 
and 2006 (Figures 2.12 and 2.13, respectively) resulted in correspondence of 46% and 
38% of the canopy units, respectively.  Classifications of the 2006 Site III images showed 
that 78% of the canopy units had a 1:1 correspondence (Figure 2.14).  After a natural log 
transformation, an ANCOVA did find the area of classified A. altissima samara pixels 
increased with manually-delineated canopy unit area (F=222.5681, p<0.0001), as 
expected.  The area of classified A. altissima samara pixels did not differ between sites 
(F=0.5427, p=0.5821), and the relationship between the area of classified A. altissima 
samaras and the area of manually delineated canopy units did not vary by site (F=0.1926, 
p=0.8250).   
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Seed Quantity  
Total estimated seeds per manually delineated canopy unit had a strong linear 
relationship with the area of classified A. altissima samara pixels (p=0.0007; Figure 
2.15.A), with 1 m2 of samara pixels comprising 10,323 seeds. Total estimated seeds per 
manually delineated canopy unit had a strong linear relationship with the area of the 
manually delineated canopy unit (p=0.0002; Figure 2.15.B).  Total estimated seeds per 
tree had a positive log-linear relationship with bole dbh (p=0.0018; Figure 2.16).  The 
average seed count per 25 g sample was 834.0 ± 20.5. 
Site I classification accuracy patterns (users and producers) were similar to or 
slightly better than Site II and III (Table 2.1).  The site did have high rates of commission 
error for A. altissima seeds (1 - users accuracy) occurring on bright covers, but there was 
no omission of A. altissima samaras (0%).  The higher accuracy values at Site I may be 
due to a lower range of signatures for A. altissima seeds at this smaller study site. 
Seed Rain Measurements 
 The total number of traps sampled for the entire study period was 338, and these 
received a total of 725 seeds from October 25, 2006 to June 13, 2007.  The majority of 
seed rain sampled (77.4%) occurred between October 25 and Dec 21, 2006, during which 
time one trap 10 m from a female A. altissima received a cluster of 153 seeds.  Overall, 
the mean seed rain was 8.58 ±1.92 per m2.  For the model validation we omitted the 
single seed cluster, resulting in a mean seed rain of 6.77 ±0.56 per m2.  
Modeling and Validating the Seed Dispersion Pattern 
Site II contained an estimated total of 64,232,224 and 31,664,478 A. altissima 
seeds in 2005 and 2006, respectively calculated from the linear relationship between area 
of classified samara pixels and the number of seeds per classified pixel on an area basis.  
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When estimated using only manually delineated canopy units, Site II contained an 
estimated total of 3,922,576 and 2,574,141 A. altissima seeds in 2005 and 2006, 
respectively.  The difference reflected the large commission errors in the classification 
process.  Site III contained an estimated total of 52,910,452 A. altissima seeds in 2006, 
however when estimated using only manually delineated canopy units, this site contained 
an estimated 2,192,676 in 2006. 
Using modeling method i, where all classified A. altissima seed pixels were used 
as dispersal sources, the mean seed dispersion pattern for the 2006-2007 dispersal season 
broadly covered the study sites, with abundant densities predicted near canopy units and 
areas with classification commission errors.  The mean seed rain per trap was predicted to 
be 58.4 ±3.3 and 52.9 ±2.6 at Sites II and III, respectively (Figures 2.17.A and 2.18.A).  
Using modeling method ii, where only classified A. altissima seed pixels within manually 
delineated canopy units were used as seed sources, the mean seed dispersion pattern for 
the 2006-2007 dispersal season was localized around the canopy units (Figures 2.17.B 
and 2.18.B).  The mean seed rain per trap was predicted to be 6.6 ±0.9 and 18.8 ±3.0 at 
Sites II and III, respectively.  Using both methods, a large quantity of seeds were 
projected to fall in the surrounding closed canopy forest, canopy gaps, shoreline, and 
water. 
Using model method i, we determined there was no correspondence of predicted 
seed rain values to the observed seed rain for Site II (y=0.0039x+1.0896, p=0.2997, 
Figure 2.19.A), however, there was a negative relationship observed at Site III (y=-
0.0155x+2.9999, p=0.0053; Figure 2.20.A).  Using delineated seed sources in model 
method ii, we observed a positive relationship between predicted seed rain and observed 
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seed rain per trap at Site II (y=0.0072x+1.1612, p=0.0225, Figure 2.19.B), however, no 
correspondence was observed at Site III (y=-0.0082x+2.201, p=0.7002, Figure 2.20.B).   
 
Discussion  
Determination of A. altissima propagule pressure sources through remote sensing 
appears possible.  A. altissima samara clusters have a distinctive spectral reflectance 
compared to the surrounding canopy vegetation and there is a positive linear relationship 
between the area of classified A. altissima seeds and the total seed yield of a canopy unit 
as determined by the harvest.  
Specifically, the mean spectral reflectance of canopy vegetation showed distinctive 
reflectance peaks of A. altissima samaras that were at longer wavelengths than the 
surrounding vegetation.  Previous studies found the peak anthocyanin wavelength 
reflectance factor of four unrelated species at 550 nm (Gitelson et al. 2001), similar to the 
reflectance factor peak found for neighboring leaf tissue measured (Figure 2.6), but 24 
nm shorter than upper A. altissima samara surfaces. The longer peak wavelength may be 
due to the overlapping absorption patterns of anthocyanin and chlorophyll (Sims and 
Gamon 2002), both present in high concentrations in A. altissima samaras.  Additionally, 
abaxial samara surfaces producing low amounts of anthocyanin reflect more than twice 
the amount of visible light at their mean peak than surrounding canopy leaves.  These 
“bright” lower surfaces, which may be exposed by wind, and other highly reflective 
samara tissue that naturally have low amounts of anthocyanin, result in a range of 
signatures for a single class. 
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Due to anticipated pigmentation variances from one tree to another, the A. altissima 
samara training classes encompassed a wide range of spectral values.  The supervised 
classifications were frequently unable to distinguish between other features with high 
reflectivity, such as abaxial surfaces of Liriodendron tulipifera (tulip poplar) leaves.  
Previous work had shown bright canopy tissues could be partitioned if a separate class 
was developed for it in the classification, if needed (Kaproth unpublished data).  In 
addition, high rates of commission overestimate the area of individuals, as seen in similar 
work with Argyroxiphium sandwicense (Haleakala silverswords) in Hawaii 
(Landenberger et al. 2003), but increased resolution and hyperspectral imaging could 
reduce sources of error. While the supervised classification procedure had difficulty 
discerning between A. altissima samaras and other areas of high reflectance, its use 
would nevertheless enable managers to highlight a much smaller area to intensively 
investigate, and of most importance, errors of omission were small to ensure no A. 
altissima went undetected.  
This application of remote sensing also allows for the identification of propagule 
quantity.  The relationship of seed yield and classified samara area is independent of 
canopy location, and this shade-intolerant species bears a proportion of samaras on its 
crown that permit estimations of total seed yield.  The same relationships were found for 
the area of a female A. altissima canopy and propagule quantity, implying that if gender 
is known, delineations of canopy units may be used in place of seed classification.  Of 
note however, seed yield may vary from year to year due to environmental variation 
(Chmielewski and Rtözer 2001) or local weather events like the limb-removing ice storm 
of October 2005 in the Morgantown, WV, area.  Both the 2005 ice storm and dry summer 
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conditions that caused some samara abortions in 2006 may explain the 2.0-fold lower 
overall seed quantity at Site II, and the 1.5-fold reduction within the delineated canopy 
units. 
The cellular automata model projected the propagule pressure of two populations 
over the 2006-2007 seed dispersal period.  Compared to empirical measurements of seed 
rain, the seed dispersion model based on all classified A. altissima samara pixels (model 
method i) predicted a mean seed rain total 33.0-fold higher than mean observed seed rain 
per trap, however the mean predictions using only classified A. altissima samaras within 
manual delineated canopy units (model method ii) predicted a mean 7.2-fold higher than 
the mean observed seed rain per trap.  This later method demonstrates the advantage of 
using manually delineated canopy units as a means of discriminating sources of seeds, 
however, commission error at Sites II and III appear to have increased the apparent seed 
quantity.  For example, it was believed that one canopy unit at Site III overrepresented 
the number of seeds available for seed rain.  If the relationship between observed seed 
rain (X) and the mean predicted seed rain (Y) at Site III was run using seed traps farther 
than 200 m from that canopy unit, there is a trend towards a positive linear relationship 
using model method i (y=03738x+1.0398025, p=0.0830) and a strong positive 
relationship using model method ii (y=3.8096x+0.6122, p<0.0001).  
While the seed rain predicted using model method ii was positively correlated with 
observed seed rain values, the model greatly overestimated propagule pressure.  While 
the classifications used in this model may still prove useful to the management of this 
species, it requires greater accuracy of seed quantity and additional seed dispersal curves 
to accurately reflect seed dispersion patterns under varying landscape conditions (Higgins 
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and Richardson 1996).  Higher accuracy in seed quantification may be accomplished by 
increased image resolution and by allowing higher levels of omission error in the 
supervised classifications.  Factors that may affect both seed dispersal and seed trap 
efficacy include elevation (including slope and aspect), vegetation cover (Landenberger 
et al. 2007), prevailing wind (Kota 2005, Landenberger et al. 2007), characterization of 
the primary dispersal tail, and how seeds dehisce from the parent (seed cluster fragments 
likely have much lower dispersal distances).  In future work, we plan to incorporate 
additional curves parameterized for varying wind direction, slope, and vegetation cover, 
all of which may improve model predictions.  For example, by incorporating vegetation 
features and propagule pressure in a semimechanistic model, researchers have been able 
to explain 70% of range variation for invasive trees in South Africa (Rouget and 
Richardson 2003).  
The ability to accurately project a species’ propagule pressure over an environment is 
valuable in the prevention of invasive spread (Davis et al. 2000, Kota et al. 2007).  An 
invasive is often able to overcome limiting factors (e.g. disturbance) to become 
established, but is more likely to succeed when propagule input is high (Britton-Simmons 
and Abbott 2008), thus it can be expected that an area will eventually be invaded if under 
high propagule pressure, particularly if disturbance is likely (Higgins and Richardson 
1996, Davis et al. 2000).  This invasion may be preventable with the identification and 
removal of the invasive propagule sources (Kota et al. 2007, Landenberger et al. 2007). 
Within the scope of this study, it was shown that classifications indicating seed 
location and density can be used to identify sources and quantities of propagule pressure 
over a landscape with low rates of omission (Figures 2.17-18).  Due to the difficulty of 
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partitioning highly reflective features, and the subsequent high errors of commission, 
conservative estimates of yearly A. altissima propagule quantity and location is limited.  
After spatially-explicit identification of seed sources, seed quantity model 
parameterization may benefit by reclassifying images with a lower commission tolerance, 
at the cost of higher omission error.  In addition, manual delineation of canopy units 
permit more accurate identification of invasive propagule pressure sources through 
remote sensing (Figures 2.19B-20.B), and can be used for parameterization of seed 
dispersion pattern models across a landscape, providing yearly projections of propagule 
pressure for threatened communities.   
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Table 2.1: Accuracy assessment of classifications 
 




























57%            
    
100% 1.0000 53% 100% 1.0000 52% 100% 1.0000 51% 99% 0.6667
Overall 
Accuracy 62% 55% 54% 52%
Overall 




Table 2.2: Seed trap arrangement 
Site Microsite Number of Study Sites 
Complete 
Record Aspect
Canopy Gap 1 21 SSE 
Closed Canopy Forest 1 39 SSE 
Forest/Field Edge 1 7 WSW 
Field 1 46 WSW 
II 
Forested Shoreline 2 45 S, SSE 
Canopy Gap 1 24 SE 
Closed Canopy Forest 2 36 SE 
Forest/Field Edge 1 25 ENE 
Field 1 46 SSE 
III 
Forested Shoreline 1 49 SE 
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Figure Legends 
2.1: Schematic map of study sites in north-central WV. 
2.2: Aerial images of Site I, captured August 23, 2006.  Left image was taken 1 km east 
of right images. 
2.3: Aerial image mosaic of Site II, captured August 3, 2005.  
2.4: Aerial image mosaic of Site II, captured August 23, 2006.  
2.5: Aerial image mosaic of Site III, captured August 23, 2006.  
2.6: Example seed trap with mean seed dispersal, using model method i.  Cells values 
represent mean projected seed rain per m2. 
2.7: Mean visible wavelength range reflectance factors of canopy vegetation captured in 
Morgantown, WV, July 10, 2005.  
2.8.A: Aerial image of Site I, captured August 23, 2006. A mature A. altissima canopy is 
located just above arrow. 
2.8.B: Supervised classification of August 23, 2006 imagery of Site I. 
2.9.A: Aerial image of Site II, captured August 3, 2005.  A mature A. altissima canopy is 
located just above arrow. 
2.9.B: Supervised classification of August 3, 2005 imagery of Site II.  
2.10.A: Aerial image of Site II, captured August 23, 2006.  A mature A. altissima canopy 
is located just above arrow. 
2.10.B: Supervised classification of August 23, 2006 imagery of Site II.  
2.11.A: Aerial image of Site III, captured August 23, 2006.  A mature A. altissima 
canopy is located just above black arrow. 
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2.11.B: Supervised classification of August 23, 2006 imagery of Site III.  A mature A. 
altissima canopy is located just above black arrow.  
2.12: Site II (2005). Regression of classified A. altissima samara area on manually 
delineated canopy unit area showing a positive linear relationship.  
2.13: Site II (2006). Regression of classified A. altissima samara area on manually 
delineated canopy unit area showing a positive linear relationship. 
2.14: Site III (2006). Regression of classified A. altissima samara area on manually 
delineated canopy unit area showing a positive linear relationship. 
2.15.A: Site I relationship between total estimated number of seeds and area of classified 
A. altissima samaras per manually delineated canopy unit.  Trend line is constrained 
through the origin. 
2.15.B: Site I relationship between total estimated number of seeds and area of manually 
delineated canopy unit.  Trend line is constrained through the origin. 
2.16: Positive log-linear relationship between total estimated seeds per tree and individual 
dbh.  
2.17.A: Mean projected seed dispersion pattern of manually delineated A. altissima at 
Site II from 2006-2007 using method i.    
2.17.B: Mean projected seed dispersion pattern of manually delineated A. altissima at 
Site II from 2006-2007 using method ii. 
2.18.A: Mean projected seed dispersion pattern of manually delineated A. altissima at 
Site III from 2006-2007 using method i. 
2.18.B: Mean projected seed dispersion pattern of manually delineated A. altissima at 
Site III from 2006-2007 using method ii. 
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2.19.A: Correspondence of mean projected seed rain predictions and observed seed rain 
per trap at Site II using model method i.  1:1 correspondence is represented by grey trend 
line. 
2.19.B: Positive relationship between mean projected seed rain predictions and observed 
seed rain per trap at Site II using model method ii.  1:1 correspondence is represented by 
grey trend line. 
2.20.A: Negative correspondence of mean projected seed rain predictions and observed 
seed rain per trap at Site III using model method i.  1:1 correspondence is represented by 
grey trend line. 
2.20.B: Correspondence of mean projected seed rain predictions and observed seed rain 
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Figure 2.9.B:  
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Figure 2.19.A:  



















































































Chapter 3:  Ailanthus altissima seed germination and survival 
in mixed mesophytic forest environments 
 
Introduction  
 Propagule pressure may drive the spread of invasion into a plant community 
(Lockwood et al. 2005, Von Holle and Simberloff 2005), but the ultimate success of the 
invasion depends on the characteristics of the environment (Grubb 1977, Alpert et al. 
2000, With 2002, 2004).  While the dispersal of progeny will provide an opportunity for 
recruitment in new locations (Nathan and Muller-Landau 2000), no amount of propagule 
pressure will lead to invasive success if the available microenvironments do not provide 
suitable conditions for germination and establishment (Harper et al. 1961). 
Numerous studies have shown that seed germination and establishment of some 
species vary by microsite (i.e. combination of immediate microclimate and vegetation 
cover) (Grubb 1977, Silvertown 1981, Fowler 1986).  For example, for the invasive tree 
species, Ailanthus altissima (tree of heaven), germination and seedling survival is 
severely limited in closed canopy forests, but generally more successful in varying levels 
of forest disturbance (clear cut and selective cut) (Kota et al. 2007).  The ability to 
identify microsites where germination and establishment is likely to be successful will be 
useful in predictive modeling of species establishment.   
This study continues the characterization of A. altissima “safe sites” in 
environments that are easily classifiable by landscapes covers.  Using remote sensing, we 
know that landscape cover (biotic and abiotic) can be discerned quickly over a large area 
(Lillesand and Kiefer 2000, Kaproth unpublished data).  Abiotic cover such as water and 
vegetative cover such as closed canopy forests or fields provide distinctive 
microenvironm e.g. forested 
oreline, forest/field edge).  Do these broadly discernable landscape covers influence 
 and seedling survival of A. altissima?  
Methods 









ents, along with the transition edges between these features (
sh
seed germination
A. altissima germination and survival were examined starting in 2006 at two stu
sites, both located along the river-fed impoundment of Cheat Lake, WV, and ranging in 
elevation from 271 m to 354 m.  Both sites were bordered by Cheat Lake and 
predominantly contained south-facing closed canopy forests and fields, as well as at least
100 mature A. altissima females each.  Site II (Figure 2.3) was ca. 25 ha in s
 1.8 km southeast of Stewartstown, WV.  Site III (Figure 2.4), with an area of 18 
ha was located 1 km southeast of Stewartstown, WV.  Plants (seeds or seedlings) were 
placed in one of five microsites (canopy gap, closed canopy forest, field, forest/field 
edge, and forested shoreline).  Each microsite was contained within an environmen
(closed canopy forest and field) or transition between environments (bare soil canopy 
gap, forest/field edge, and forested shoreline), which can be classified in remote sen
images (Kaproth unpublished data).  
To determine the rate of A. altissima germination in varying microsites,
“arenas” constructed of 8 cm lengths of 15 cm diameter sewer and drain PVC piping 
were evenly divided among the two study sites, into one of five microsites (Table 3.1).  
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On April 9, 2006, after natural A. altissima seed rain was complete, the arenas were 
secured to the soil surface (with two 15 cm insulated wire hooks) in random
within each microenvironment .  Any naturally occurring A. altissima seeds were cleared 
before inoculating each arena with 25 A. altissima seeds (method of Kota et al. 2007), f
a total of 9,975 seeds.  Naturally stratified seeds were obt
 locations 
or 
ained from five trees two km 
northeast of Morgantown, WV on March 11, 2006, then mixed and stored in cold 





yzed with sites (X1) and microsites (X2) as main 
effects, and their interaction (sites * microsites) using loglikelihood (SAS JMP v. 5.1.2) 
(Kota 2 en p 
n in A. altissima germination between seed sources, so maternal families were not 
tracked. 
Arenas were censused for germinated seeds every month through Augu
2006.  Germinated seeds were removed during each census so they could not be counted 
twice.  Previous studies found that experimental A. altissima seed movement in or ou
an arena was negligible (Kota et al. 2007).  Due to low rates of germination and a 
preponderance of zeroes in the data, residuals of germination data were not normally 
distributed and could not be transformed in all cases, in which case the independent 
variables were converted to a nominal data type (arena either contained germinated s
or did not) and analyzed using loglikelihood (Kota 2005, Kota et al. 2007).   
Differences in the frequency of “safe sites”, defined as an arena in which one or 
more seeds germinated (Y), were anal
005, Kota et al. 2007).  Statistical significance for all tests was recognized wh
< α = 0.05. 
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ays to germinate.  Germinated seeds were then transplanted in pairs into 6 x 7.5 






s were analyzed with sites (X) or microsites (X) as main effects using 
loglikelihood (SAS JMP v. 5.1.2). 
1) and microsites (X2) could not be analyzed using a formal ANOVA. No 
transformation compensated for the non-normally distributed data. 
 To determine the rate of A. altissima seedling survival in varying microsites, 400
“phytometers” were planted in Sites I and II (Antonovics and Primack 1982, McGr
and Antonovics 1983, Kota 2005).  On July 7, 2006, cold stratified A. altissima see
from the same sources used in the Germination study were placed in moist vermiculite 
for nine d
 cell containers, which were divided in half with a Parafilm® strip, to increase
number of replicates and reduce the soil volume for root growth.  Each container was 
filled with a low nutrient containing medium (1:1 volume ratio of Turface® arcillite clay 
chips and vermiculite) and kept moist until transplanting into the field.  Seedlings w
allowed to grow under shaded indoor greenhouse conditions (18-29.5 ˚C) for two wee
then placed in full sun starting July 31, to “harden off” (Rogers and Siemann 2002).  
 On August 24 and August 25, the eight week-old phytometers were planted in 
Site III and Site II, respectively.  One phytometer was planted within 0.5 m fr
rmination arena (Table 3.1).  For the following three days, all transplanted 
phytometers were kept moist through daily watering or rainfall, after which, rainfall 
occurred at least every three days for one month. 




X2=14.1035, p=0.0002) and microsite (Figure 3.2, Likelihood Ratio, X2=54.5118, 
ct of microsite on the frequency of safe sites was dependent on site 
(Figure 3.3, Likelihood Ratio, X2=27.4081, p<0.0001).  Overall, less than 20% of all 
arenas contained germinated seeds: 26% at Site III, and 13% at Site II.  Overall, canopy 
gap safe site frequency was highest, with a mean rate of 57%, 3.6 to 5.7 times greater 
than other microsites.  The lowest frequency of safe sites occurred in field microsites 
overall, however, no safe sites were found within the closed canopy microsite at Site III. 
 The mean seed germination percent within safe sites at Site III’s canopy gap was 
23.5%, 4.4 to 5.9 times greater than other Site III rates (Table 3.2). At Site II, forest/field 
edge mean seed germination percent within safe sites was 1.9 to 3.1 times greater than 
other Site II rates. The mean seed germination percent within safe sites at Site III’s 
canopy gap was 1.7 times greater than the Site II’s forest/field edge germination rate. 
2=1.389, p=0.2386) and 
icrosite (L 2
erences between frequencies of safe sites were 
present.  In 2004, Kota et al. (2007) found A. altissima seed germination occurred in 47% 
s 
Germination 
 The frequency of safe sites varied by site (Figure 3.1, Likelihood Ratio, 
p<0.0001).  The effe
Seedling Survival 
 Phytometer survival was very low.  After ten months, only one phytometer 
remained alive.  Site III’s forested shoreline single living phytometer had an above 
ground height of 3.0 cm and a root to tip length of 7.5 cm.  There were no significant 
differences in survival between sites (Likelihood Ratio, X
m ikelihood Ratio, X =2.780, p=0.5953).   
Discussion  
 Like Kota et al. (2007), diff
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of arenas, nearly twice the rate for a native competitor, Liriodendron tulipifera (tulip 
udy found the frequency of safe sites was 20% overall.  When adjusting 
e month later than the peak of germination (Kaproth unpublished 
ata), t Many 
us 
currin  over only one year. 
n in A. altissima seed germination and survival was expected.  The 
ilsen 
poplar).  This st
for the inoculum quantity per arena for each study (Kota et al. 2007 = 50 seeds, this study 
= 25), the overall probability of individual seeds not germinating was 98.7% and 99.1%, 
respectively, i.e., the studies had very similar rates. 
 Differences in safe site frequency between sites may be explained in part by 
variation in aspect (Kota et al. 2007).  Differences in safe site frequency between 
microsites may also be explained by variation in aspect between similar microsites, but 
also by the percent germination within safe sites (Table 3.2).  The high rate of 
germination found at canopy gap microenvironments correspond with research showing 
higher degrees of invasive success in disturbed sites (Knapp and Canham 2000, Call and 
Nilsen 2003, Vilá et al. 2007).  The low germination rate in open field environments was 
surprising.  However, grass and herbaceous canopies were dense in this cover class, so 
from the perspective of a seedling, the environment may not have been “open”. 
The low phytometer survival was surprising.  Although the timing of the 
transplanting was on
d he phytometers were of comparable size and age of some natural seedlings.  
transplants (ca. 50%) were alive as late as October 25, 2006, but did not survive the 
winter (Kaproth field observations).  Although low survival rates were found in previo
studies, e.g. 15.7% survival rate after two growing seasons (Kota et al. 2007), our 
phytometer results show minimal seedling survival oc g
Variatio
species is known for shade intolerance and success in disturbed habitats (Call and N
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2003).  In addition, the species’ prolific rates of seed production (Chapter 2) and 
germination do not correspond with the total number of individuals unless seedling 
survival is very low.  However, improvements to this study’s experimental design may 
yield more effective predictions of establishment probability.  For example, increasing 
the number of arena locations within a site, increasing the number of seeds per arena, 
diate 





transplanting phytometers earlier, in higher quantity, and after hardening off under 
varying light levels that correspond with its future microsite.   
In future work, one can prioritize A. altissima management to areas of highest 
success through ecological modeling (the interaction of a species with its imme
environment, providing a prediction of invasion into a plant community) (Guisan and 
Zimmermann 2000). Ecological models can be built with fine resolution to distinguish 
whether the species is limited by its dispersal of propagules or the availability of safe 
sites (DiFazio 2002, Moore and Elmendorf 2006, Satterthwaite 2007).  For example 
Rouget and Richardson (2003) explained at most 49.4% of variation in S. Africa
e tree species using geology, climate, land use and topography to explain 
distribution.  When the semi-mechanistic models incorporated greater amounts of 
interactions of spread rate and environmental factors on propagule pressure, however, 
they were able to account for 70.6% of each species’ canopy cover differences.   
 Using this and previous characterizations of A. altissima, ecological model 
predictions could be produced.  For example, in Chapter 2, I demonstrated the abili
identify A. altissima rough propagule location and quantity using remote sensing.  
cations indicating propagule pressure sources, along with the surrounding 
environment, cellular automata dispersal models could predict seed dispersion patterns 
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over the neighboring landscape (Chapter 2).  With the identification of surroundin
landscape covers that contain important microenvironments shown to affect seed 
germination rates in this species, prediction of species establishment could be predicted 
though ecological modeling, creating a powerful management tool.  The greatest 
challenge in obtaining empirical data to parameterize these models will be the enormou
sample size required to detect seedling survival rates as different from zero, given th
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Table 3.1: Seed germination arena and phytometer deployment 
Microsite Number of Number of Number of Aspect
Canopy Gap 1 25
Site Locations Arenas Phytometers 
 25 SSE 
Closed Canopy Forest 1 48 50 SSE 
Field 1 50 50 WSW 
S, SSE 
Canopy Gap 1 25 25 SE 
Forest/Field Edge 1 26 25 WSW II 
Forested Shoreline 2 50 50 
Closed Canopy Forest 2 50 50 SE 
Field 1 5
Forest/Field Edge 1 25 25 ENE 
0 50 SSE 
III 
Forested Shoreline 1 50 50 SE 
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Figure 3.1: Effect of location on percen mination safe sites. 
 
Figure 3  percentage of germination safe sites.  
 




.2: Effect of microsite on
t of microsite and site on perce inatio
 76















































































Chapter 4: Seed viability and dispersal of the wind-dispersed 




The low rate of plant spread predicted by measures of primary dispersal is 
insufficient to explain observed rates (Reid 1899, Skellman 1951, Clark et al. 1998).  
Many studies have investigated dispersal distances and suggest that the rapid rates of 
spread, often observed in invasive species, may require rare long-distance dispersal 
events (e.g. Ritchie and MacDonald 1986, Lonsdale 1993, Cain et al. 1998), but these 
events are difficult to observe (Clark 1998, Higgins and Richardson 1999).  The inability 
to accurately sample and subsequently predict how a species will disperse into and 
olonize new environments has hampered the parameterization of migration rate 
odeling in a constantly disturbed and dynamic environment (Higgins and Richardson 
999). 
How a community responds to disturbance (e.g. flooding, timbering) depends 
rgely on what species arrive and colonize the open niches (Grubb 1977, He and 
ladenoff 1999, Lockwood et al. 2005).  The ‘regeneration niche’ concept posits that 
arly-established species have a greater chance to preempt resources than species 
stablishing at a later time (Belyea and Lancaster 1999).  Understanding the ability of a 
pecies to disperse to these open environments becomes essential, and in many cases 
pecies with long dispersal distance and high propagule pressure will have the greatest 
pportunity for establishment (Lockwood et al. 2005).  Species with these characteristics, 
any of which are invasive, are increasingly being recognized as a threat to biodiversity 















widespread terrestrial tree, tree of heaven (Ailanthus altissima (Mill.) Swingle), are 
into new locations throughout the United States (Kota 2005, Kota et al. 
2007, Landenberger et al. 2007).  The ability to predict where and how quickly the 
establishment of an invasive species will occur can improve the effectiveness of 
conservation management (Mack et al. 2000, Rejmánek 2000), but requires 
quantification of the dispersal tail (Bullock and Clarke 2000). 
The difficulty of quantifying long-distance dispersal empirically is two-fold; the 
frequency of long-distance dispersal is low (Bullock and Clarke 2000, Clark et al. 2005, 
Kota 2005), and the mechanism of dispersal may not be the obvious ‘primary’ mode 
(Pakeman 2001).  Multiple studies have shown that seeds can be dispersed by more than 
one mechanism (e.g. Darwin 1859, Welch 1985, Myers et al. 2004, Couvreur et al. 
2005).  These secondary dispersal mechanisms such as animals (both internal and 
external) and water may be able to transport propagules greater distances than the 
primary vector, as shown by Imbert and Lefévre (2003) in their genetic marker study of 
riparian black poplar (Populus nigra L.) in which anemochorous propagules were 
dispersed by hydrochory.  
Hydrochory has long been proposed as an important mechanism explaining the 
global distribution of plants (Darwin 1856).  However, little experimental work has been 
published on dispersion in aquatic environments (Barrat-Segretain 1996).  Water could be 
an important vector because it flows long distances in a single season via connected 
corridors and can carry debris with little friction.  Seeds accumulate in aqueous 
isturbed environments continues to grow at alarming rates (Higgins et al. 1999, 
es and Jones 2000, Hutchinson et al. 2004).  Many invasive species such as th
poised to expand 
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environments through primary dispersal directly into water or by secondary move
spurred by animals, wind, or rain wash, often assisted by gravity.  In essence, for 
hydrochory to occur, three conditions must be met; (I) seeds must be able to reach w
(II) seeds must retain viability while in the water, and (III) seeds must be able to be 
deposited in a suitable habitat. 
This study focuses on whether hydrochory occurs for A. altissima, an inva
terrestrial ‘wind-dispersed’ species.  In particular, this study hypothesized tha




t the first 
e assume if these 
require l 
s in Monongalia County, WV, were mixed and kept at 
room te
ments are met, on at least some occasions the third will also be met, i.e., seeds wil
occasionally be deposited (e.g., by flooding events) in suitable habitat. 
Methods 
Study Species and Area  
 A. altissima grows rapidly in a wide variety of environments in the eastern United 
States (Feret 1985), limited primarily by shade intolerance, low water availability, and 
severe low temperatures (Feret 1985, Kowarik and Säumel 2007). Copious amounts of 
seeds borne by mature females ripen, desiccate, and start to disperse starting in October 
(Landenberger et al. 2007).  Desiccated seeds used for the following experiments were 
collected from multiple location
mperature. 
Investigations of A. altissima hydrochory occurred at two study sites, one located 
in and along the Monongahela River neighboring the Core Arboretum of Morgantown, 
WV, at an elevation of 238 m and the other 10 km to the northeast in and along the river-
fed impoundment of Cheat Lake, WV, at an elevation of 271 m.  Temperatures of both 
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water bodies ranged from 1 ºC to 19 ºC during November to April, 2006, although Chea
Lake water temperature averaged one degree lower than the Monongahela River, 5
and 6 ºC respectively.  Mean low monthly air temperatures for Morgantown, WV, range 





 from a 
rtion of seeds 
landing directly in water as a function of distance from the water’s edge:  
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dispersal vector, and
 
Estimating Direct Primary Dispersal into Nearby Water  
Knowing the primary seed dispersal curve function of A. altissima derived
log-linear curve fit of the well-characterized primary dispersal curve out to 100 m 
(Landenberger et al. 2007; Figure 4.1), we estimated the expected propo
  
       (4.1) 
In the calculation of this estimate (Equation 4.1), cylindrical coordinates were 
used in an assumed environment where all seeds came from a point source, the shoreline 
was straight, the water extended out 100 m, and the seed shadow was equal in all 
directions (Figure 4.2).  In Equation 1, d is the shortest distance from the point source to 




































⎢ 100 100 00.22
 r is the radius along which seeds disperse (Figure 4.2).  The 
constants were derived from the previously published regression equation (Landenberger 
et al. 2007). The numerator of the equation determines the seed rain falling directly into 
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the water body as a function of d and the denominator estimates total seed rain, within a 
100 m radius. 
In an effort to derive an empirical estimate of the number of seeds that could be 
deposited in water from the primary dispersal estimate (Equation 4.1), a single 100 m 
wide survey was conducted on February 24, 2007, along the east shore of a one km 
stretch of the Monongahela River near Morgantown, WV.  The location and dbh of each 
reproducing A. altissima female present was recorded.  Distance of each tree from water 
was de
seed 
s a females in 
 (Chapter 2, Figure 2.16): 
y =  0.08797x + 7.91856                                 (4.2) 
Buoyancy Studies  
In order to determine the period of potential buoyancy of A. altissima seeds in 
moving water, 400 intact seeds were divided evenly into four covered 100 L containers 
filled to a depth of 30 cm with tap water and stirred once daily for five-seconds to break 
surface tension (adapted from Boedeltje et al. 2003).  After stirring, the number of 
buoyant propagules was recorded every day for the first week and thereafter once a week 
for a month.  The containers were kept in an unheated greenhouse in which water 
temperatures were similar to outdoor aqueous environment temperatures during 
November, February-April (6-19 ºC).  Differences in buoyancy over time were analyzed 
using logistic regression (SAS JMP v. 5.1.2).  Statistical significance for all tests was 
termined using a global positioning system (GPS) and mapped using geographic 
information systems (ESRI ArcView® 9.1).  An estimate of each individual’s total 
count was determined from a linear relationship (Equation 4.2) between dbh (x in cm) 
and the natural log of total tree seed count (y) for 14 varying-sized A. altis im
September 2006
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recognized when p < α = 0.05. After one month, 25 randomly sampled seeds were 





however the containers were not stirred.  
Observing Hydrochory   




.  The 
ctober 
re 
yl tetrazolium chloride for 24 hours to test if viability was retained (Watkinson 
1978). 
In a parallel study, seed buoyancy was tested after being marked with fluores
spray paint, to determine whether it would be possible to do a realistic mark-recapture 
study in a calm water body.  A total of 600 intact A. altissima seeds were divided evenly 
into three marking treatments: yellow-fluorescent Rust-Oleum® paint, orange-fluorescen
Rust-Oleum® paint or unmarked.  The intact seeds of each painted treatment were lightly
sprayed and dried, adding <0.1 g per seed.  Seed treatments were divided, exposed to 
water, measured and analyzed using similar methods previously described for the 
potential buoyancy study in moving water, 
 In order to det
hory, a mark-recapture study was used (Schneider 1999).  A weight-estimated 
total of 10,000 yellow-painted seeds were scattered at one location on the water’s surfac
in the center of the Monongahela River along Morgantown, WV, on June 29, 2006.  Afte
24 hours, the banks of the river were surveyed downstream for a distance of 8.1 km
position of any marked seeds was noted using GPS.  
Measuring Secondary Dispersal on Land  
In northern WV, the majority of mature A. altissima seeds dehisce from O
through April (Landenberger et al. 2007, Chapter 2), with a peak of 40% of total seed 
rain occurring in November (Kota 2005).  A. altissima germination does not begin befo
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late May (Kota 2007, Chapter 3), allowing up to seven months of secondary dispers
events.  In order to determine the rate at which seeds landing in terrestrial environmen









cages on November 1, 2005.  Each cage was made from a 3.8 L plastic container, kept 
he 
 containers per site were packed 
with leaf litter and placed under the neighboring forest canopy to serve as terrestrial 
es 
 seeds over six 5 cm wide x 4 m long transects on January 16, 2007.  Transects 
were placed in pairs oriented along three continuous contours (9, 33 and 48% slope).  
After one month, seed positions were recorded.  Differences in dispersal distances among
slopes were analyzed using a non-parametric nested analysis of variance (ANOVA) (SAS 
JMP v. 5.1.2), with the effect of transect nested within slope class.  
Germinability after Dispersal in Water  
To determine if A. altissima seed germinability was affected by continuous
exposure to an aqueous environment, a seed cage study was set up using 60 buoyant 
buoyant by two 5 cm x 5 cm x 10 cm foam pieces (Dow® STYROFOAM), and covered 
in nylon mesh bags (adapted from Edwards et al. 1994).  This design kept seeds near t
water’s surface, as would occur when the seeds were floating, driven by current or wind, 
and when they washed up to the shoreline strand, along the water’s edge.  Twenty-six 
containers were deployed in the Monongahela River, Morgantown, WV, while another 26 
were tethered in Cheat Lake, WV.  An additional four
controls.  Each container included 50 mature A. altissima seeds harvested from three 
Morgantown, WV, sources one week prior to deployment, providing 50 seeds x 60 cag
= 3,000 seeds total. 
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Every two weeks thereafter, two submerged containers were removed from eac
site until April 4, 2006.  Two terrestrial controls were removed after two and 22 weeks 
from each site.  The seeds remaining in each container were transferred into trays of 
moist sand and allowed to stratify for five weeks at 4°C.  After stratification, trays were 
placed under fluorescent lights at room temperature (22-25 °C) and allowed to germina
for at least four weeks.  Differences in germination rates between environment (aquatic
vs. terrestrial) and incubation site (Cheat vs. Monongahela) were determined through a 2-
way ANOVA, with harvest date as a ‘covariate’ and observations weighted by sample 




s as a function of 
harvest date were analyzed using a 2-way ANOVA (SAS JMP v. 5.1.2). 
Results 
Estimating Direct Primary Dispersal into Nearby Water  
er 
d 
rban riparian forest along the river.  
The proportion of a plant’s seed shadow predicted to be deposited in a 
neighboring water body decreased exponentially with distance from the water body 
(Figure 4.3).  The proportion of an individual’s seeds primarily dispersed into water 
dropped to 18.2% at a distance of 20m.  
In a single 100 m wide, one km long survey along the one side of the 
Monongahela River, 33 female A. altissima trees were found at a mean distance of 26.9 
m from water.  Provided the assumptions of the primary dispersal model are met 
(Equation 4.1; Figure 4.2), varying seed totals (Equation 4.2) and distances from wat
for each tree (Figure 4.4), an estimated population total of 62,124 seeds (17.8%) woul





f 4.05 km, 
however the first group found (88.5% of recovered seeds) were 3.95 km downstream 
5).  An additional 65 seeds were recovered at six locations with a maximum 
aches of 
study period.  The surface flow rate (ca. 0.5 m/sec) and discharge (650 m3/sec) of the 
ve average for summer conditions, but 
within th ation 
f all seeds on a 33% slope 
traveled >0.25 m (Figure 4.6.B), while no seeds on a 9% slope traveled >0.25 m (Figure 
ncy Studies 
 Buoyancy of unmarked A. altissima seeds in stirred water decreased with the 
number of days exposed (Likelihood Ratio, X =1767.911, p<0.0001), with a predicted 
50% of seeds remaining buoyant after 1.5 days.  After 7.0 days, only 2% of seeds remain 
buoyant.  All seeds exposed to triphenyl tetrazolium chloride were viable, regardless of 
buoyancy retention.  In contrast, when in still water, buoyancy was retained in all seeds 
after one day, regardless of paint treatment. 
Observing Hydrochory  
Of the 10,000 seeds released, 565 were recovered over a distance of 8.1 km of 
shoreline after 24 hours.  Retrieved propagules traveled a mean distance o
(Figure 4.
dispersal distance of 6.8 km.  The seeds retained buoyancy and were found in c
debris only on the western (outer) edge of the river.  Wind was negligible during the 
Monongahela River during seed release was abo
e normal range of conditions for winter (USGS National Water Inform
System), and could have carried seeds 7.2 km in ca. four hours. 
Measuring Secondary Dispersal on Land  
After 27 days, secondary seed dispersal of A. altissima on land varied by slope 
(F=108.6699, p<0.0001).  The greatest seed movement occurred along the steepest 
slopes, with 5.7% of all seeds traveling >0.25 m, including the maximum distance 
traveled for one seed at 10 m (Figure 4.6.A).  Only 3.4% o
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4.6.C).  Secondary dispersal distance varied by transect within slope class (F=71.9895, 
Seeds recovered from submerged cages retained high germinability (94.4 
p<0.0001).  While normal precipitation levels occurred throughout the study period 
(totaling 70 mm), leaf litter and seed movement appeared highest where surface water 
moved ephemerally during snow melting events.   
Germinability after Dispersal in Water  
± 1.1%) 
showing no significant decline over a five-month period (Figure 4.7).  On dates when 
pled, seeds that had been exposed to aqueous environments 
germinated at a 15.5% higher rate than t
n 
The results of our dispersal and germination studies suggest that the prerequisites 
for dispersal of A. altissima by water are present as hypothesized.  Within 20 m of the 
shoreline, high proportions of an individual’s seeds were estimated to disperse directly 
into water (18.2% at 20 m, 3.5% at 50 m).  Overall, an A. altissima population will 
o overall high fecundity.  Although we 
found minimal secondary dispersal on land in our short-term study, some additional seeds 
are likely to reach aquatic environments by this route.  The population’s estimated seed 
rain into the water along just one km of the Monongahela River suggests a high 
likelihood that this secondary mechanism of dispersal is frequent.  Similar relationships 
terrestrial controls were sam
hose in terrestrial environments (F=10.94, 
p=0.0057).  Furthermore, the effect of environment on seed germinability depended o
site (F=6.88, p=0.0210, Figure 4.8).  Seeds germinated at a lower rate if incubated on 
land (relative to those in water) at Cheat Lake, but this pattern was not observed at the 
Monongahela River site.  
Discussion  
contribute a considerable number of seeds due t
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between the number of collected diaspores downstream and stand distance from water 
(negative) or seed production (positive) were found for riparian species (Boedeltje 20
Secondly, A. altissima seeds submerged in water retained consistently high rate
of germinability over five months and may retain v
03).  
s 
iability in aqueous environments for 




s increased flow rate and volume would transport seeds farther 





nder controlled conditions for one month and retain buoyancy in moving-water 
under controlled and riverine conditions at least 24 hours.  
Given that seeds can reach aqueous environments and retain viability, the only 
sine qua non of hydrochory is deposition into a suitable habitat.  Provided that a spe
has high propagule pressure, like A. altissima, it appears that the opportunity for safe site
deposition and germination along riparian zones is possible (Barrat-Segretain 1996, Von 
Holle and Simberloff 2005).  In addition, successful hydrochory would likely enhance 
with flooding conditions a
a is not typically a riparian species, deposition during high water, or movement to 
higher ground by wind or animals would increase the probability of successful 
establishment.  Individual A. altissima have been observed at sites that have periodic 
flooding. 
Within the estimates and observations presented in this study, buoyant propagule
of A. altissima can be dispersed long distances at greater frequencies than primary 
dispersal.  While we know A. altissima seeds can disperse at least 200 m through primary
dispersal (Kota 2005), hydrochory can carry seeds distances two orders of magni
farther over a short time.  These long distance dispersal events may be occurring at 
 90
similar rates throughout much of the United States and other countries, as disturbances 
(e.g. flooding, railroads, anthropogenic activity) are typically created along river 
gradien
at 
7) and the Cheat Lake 
terrestr rt 
 the only, 
nce 
chory may be an important mechanism for migration of A. altissima and we 
expect 
l 
ts and are frequently dominated by invasive species (Parendes and Jones 2000). 
The observed variation in seed germination rates was unexpected.  Seeds 
incubated in aqueous environments did not differ in germination rates, while seeds kept 
one terrestrial site germinated at lower rates.  Low temperature limitations have been 
previously noted for A. altissima (Kowarik and Säumel 200
ial treatment also experienced lower temperatures than any other site.  Due in pa
to the temperature buffering ability of water, the submerged seeds in Cheat Lake may 
have experienced limited temperature variation and had restricted exposure to severe low 
temperatures compared to the terrestrial controls.  These results indicate aqueous bodies 
may provide large, temperature-insulating transient seed banks that can disperse 
propagules long distances throughout mesic environments. 
While A. altissima is described as a ‘wind-dispersed’ invasive species; the 
description can be misleading.  Although its seed structure initially facilitates wind 
dispersal, the structure should not be assumed to imply that primary dispersal is
let alone most important, means of long-distance dispersal.  This study provides evide
that hydro
these findings may apply to other wind-dispersed, native and non-native species as 
well.  Previous studies have shown that parameterization of a species’ seed dispersa
curve tail is vital to forecasting range movement and establishment with changing 
environmental conditions (Lyford et al. 2003, Higgins et al. 2003).  These models of 
spread are particularly sensitive to how long a dispersal tail is (Clark 1998), and 
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hydrochory secondary-dispersal may provide the mechanism for the majority of long-
distance dispersal in some terrestrial wind-dispersed species.   
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water a f 25 dbh (cm).  
e 
from water on the projected number of seeds deposited directly into water as a function 
Figure 
Monongahela River after 24 hours. 
Figure 4.6: Percent of seeds traveling a certain distance downhill through secondary 
dispersal events in a terrestrial environment over one-month on a (A) 48%, (B) 33%, or 
(C) 9% slope.  Axis slant corresponds to slope. 
Figure 4.7: Mean ( 2 s.e.) germination rate of A. altissima seeds incubated in aqueous 
conditions over five months. 
Figure 4.8: The effect of environment and location on the mean germination ( 2 s.e.) of A. 
altissima seeds near Morgantown, WV. Columns with different letters are significantly 
different from one another (Tukey-Kramer HSD a posteriori test). 
densities found at parent (0 m) to 100 m in an open field environment; adapted from 
berger et al. 2007. 
4.2: Primary dispersal into water, assuming equal dispersal in all direction
Figure 4.3: Percent (left axis) and estimated number (right axis) of seeds dispersing in
s a function of tree distance from water’s edge, based upon a tree o
Figure 4.4: Relationship between observed individual A. altissima dbh (cm) and distanc
of Equation 1. 
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Chapter 5: General Conclusions 
 
 
John Harper described plants as good research subjects because they sit still and 
 an adult plant is inherently capable of 
only relatively slow movement once it has rooted.  By remaining in one position, an 
individual is unable to escape stresses put upon it.  Plant progeny (seeds) are not so 
constrained and represent a phase of rapid exploration of the environment (Bohrer et al. 
2005). Thus, the brief opportunity for plant mobility is integral to species perpetuation, 
it the species to grow invasively (Lockwood 2005, 
ppstein and Molofsky 2007).  
Focusing on the propagules and early stages of A. altissima, this study indicates 
at remote sensing can be used to survey mixed mesophytic forests for the identification 
A. altissima samara clusters, although high levels of commission occur on bright 
features.  Further improvements to the image acquisition and classification process may 
ensure higher accuracy, which would be advantageous in the parameterization of the 
propagule quantity.  Manual delineation of canopy units simplifies classification errors, 
and improves quantification of propagules in the canopy for primary seed dispersal 
models.  The seed dispersal model suggests the single mean Landenberger et al. (2007) 
dispersal curve may inadequately reflect the various forces acting on seed dispersal in a 
landscape (Figures 2.19-20).  The scope of this trial was constrained, however, and was 
not parameterized to account for differences in seed dispersal due to varying landscapes 
(e.g. slope, wind direction) and vegetative cover (Landenberger et al. 2007).    
“wait to be counted” (Harper 1972).  Of course





Field studies of ger A. altissima is 










 may be 
mination and early growth demonstrated that 
 conditions and responded to microsite variation (Kota et al. 2007). Establishment
rates of seedling phytometers were near zero in all sites.  A prolific invasive plant 
produces far more propagules than can germinate and become established (Rejmánek
Richardson 1996).  Like many other plant species with low maternal investment in e
seed, the seeds are unlikely to become established unless they arrive in a favorable site.  
The frequency of safe sites for seed germination occurred at a high rate (57%) in a 
disturbed environment (canopy gaps, Figure 3.2), similar to findings of Call and Nilsen 
(2003), and Kota et al. (2007).  T
icrosite was only 1/5  the rate of that seen in canopy gaps, possibly due to high 
competition for soil moisture (Davis et al. 1998), indicating that fallow fields are at a low 
risk of A. altissima invasion compared to canopy gaps.  
Overall dispersal of a propagule depends greatly on the environment surrounding 
it (Schurr et al. 2005).  My experimental and modeling studies showed that propagule
A. altissima not only reach nearby bodies of water (Figure 4.3), but can remain viable for
long periods of time in water (Figure 4.7), providing the species with an opportunity
long distance dispersal two orders of magnitude greater than recorded primary dispersal 
in a short amount of time.  Deposition along frequently disturbed riparian habitats or high
water levels may allow for successful hydrochory (Barrat-Segretain 1996), and would 
only be augmented with flooding conditions.  This was the first demonstration of 





bodies and in canopy gaps.  
These m
ent, hydrochory may nonetheless be important for explaining rare long-distance 
dispersal along aquatic corridors. 
Plants with long distance dispersal, compared to poor dispersers, have high rates 
of success when disturbed environments are infrequent (With 2004).  The propagul
A. altissima are produced in high quantity and can be dispersed by multiple agents, 
enabling the species to be a good disperser capable of invading disturbed environments.  
Overall, it is difficult to characterize the pattern of response of a species over a wide 
variety of conditions present in a landscape.  Rarity of seedling survival was shown
the methodology and year we tested, but it is abundantly clear that some establishment 
occurs in this species (Figures 2.2-2.5).  Modeling seed dispersal and subsequent seed 
germination may ultimately predict locations of invasive success, with some degree of 
stochasticity.  On the whole, active management of A. altissima is recommended (Kota 
2005, Landenberger et al. 2007), especially along water 
anagement efforts can be aided through remote sensing identification and 
discrete seed dispersal modeling. 
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% imgN age 
% saveFileName  - The filename to save stats to 
%%%%%%%%%%%%%%%%%%%%%%% 
functio ileName, mapType) 
 
%%%%%%%%%%%%%%%%%%%%%% 
% Global constans and parameters 
 
% pSize     - Length of a side of a pixel 
% maxDist   - Maximum distance that a seed travels 
ons to run the simulation 
 map       - Map of the area to be modeled 
%%%%%%%%%%%%%%%%%%%%%% 
axDist = 200; 
ers = 100; 
temp = imread(imgName); 
 
if(mapType == 0) 
    pSize = 0.116050693; 
else 
    pSize = 0.125510392; 
end 
 
% Map centered within a 200 m boundry all around it 
map = blkdiag(zeros(floor(maxDist/pSize)),temp,zeros(floor(maxDist/pSize))); 
 
% Probability of Dispersal at Distance Function (Cumulative Probability Density 
Function)   
 Dispersal Model 2008 
% Coded for MATLAB v. 7.4.0.287 (R2007a) 
 Kaproth, West Virginia University 
 
tion inputs 
ame       - The filename of the im










% Normalized with area under curve (in this case, 9.720886) 
seedDist = @(x) 0.2054/9.720886 * exp(-0.0208 * x); 
%%%%%%%%%%%%%%%%%%%%%% 





ugh all the trees of 
 interest in the survey are, and model the path of each seed. 
: 
* A seed is released at any angle (0-360) with equal probability 
verning the seed's flight 
 Containers to hold the results of the runs 
e landed 
gh all of the trees 
ngth(trees)) 
      Tx = trees(j, 1); 
); 
    % Randomly generate an angle 
          angle = rand() * 2 * pi; 
          % given 
 
%
% Step 1: 
% Locate all seed-bearing trees and ge
fprintf('Locating seeds... '); 




% Step 2: 





%  * There is only one probability function go
%%%%%%%%%%%%%%%%%%%%%%% 
 
fprintf('Modeling seed spread... \n'); 
 
%
myAvg = zeros(size(map)); 
myStd = zeros(size(map)); 
 
for(i = 1:iters) 
    fprintf('Iteration %i\n', i); 
    % Create a blank map of where seeds hav
    temp = zeros(size(map)); 
 
    % Iterate throu
    for(j = 1:le
        % Get the current tree 
  
        Ty = trees(j, 2
        seeds = trees(j, 3); 
 
        for(k = 1:seeds) 
        
  
 
            % Use acceptance/rejection method to determine how far the 
  
            % seed will go with respect to the given pdf.  Xc is the 
 113
            % distance. Model may overestimate local seed dispersion 
. 
          Xc = maxDist * rand(); 
nd(); 
 
c from meters into 
ixels 
      % Find the coordinates of where the seed landed.  This is an 
sides within the survey area. 
          % If 
 onto the spread map. 
(map, 1)) && (y > 0 && y < size(map, 2))) 
(x, y) + 1; 
          end 
s trial 





yStd = sqrt((1/iters) * (myStd - (iters * myAvg))); 
tandard error 
            % pattern because no seeds can travel past 200 m
  
            Yc = seedDist(0) * rand(); 
 
            % Didn't generate a suitable random variable 
            while(Yc > seedDist(Xc)) 
                Xc = maxDist * ra
                Yc = seedDist(0) * rand();
            end 
 
            % Generated a good distance.  Convert X
            % p
            Xc = Xc / pSize; 
 
      
            % offset 
            % from the current tree 
            x = floor(Xc * sin(angle) + Tx); 
            y = floor(Xc * cos(angle) + Ty); 
 
            % Check to see if this point re
  
            % not, discard.  If it does, then record
            if((x > 0 && x < size
                temp(x, y) = temp
  
        end 
    end 
 
    % Record the results of thi
  





% Calculate the average 
f
myAvg = myAvg / ite
 
% Calculate the cell to cell stan
m
 
% Calculate the s
fprintf('Standard Error...\n'); 
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stdError = myStd / sqrt(iters); 
 
fprintf('Saving results\n'); 
save(saveFileName, 'myAvg', 'myStd', 'stdError'); 
rintf('Done!  You can now load %s and access the\n', saveFileName); fp
fprintf('variables myAvg, myStd and stdError\n'); 
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Tree Finder Code 
nterest 
% 
% Return array is in the following form: 
%   X1  Y1  C1 
%   X2  Y2  C2 
%   X3  Y3  C3 
%   ... ... ... 
% Where X and Y are the coordinates of the center of the tree, and where 
% C is the count of the seeds on the tree 
%%%%%%%%%%%%%%%%%% 
function trees = treeFinder(map, mapType) 
 
%%%%%%%%%%%%%%%%%% 
% Global constants 
% 
% treeID    - The identifier of the tree type 
% pSeeds    - Number of seeds per pixel  
%                       (derived from linear relationship with classified area (Chapter 2) 
% minSeeds  - Minimum number of seeds per tree (the b in mx + b) 
% pSize     - Length of a pixel in meters 
% treeSize  - Size of a tree in square meters 
% boxSide   - Length of a side of a treeSize square in pixels 
% halfBox   - Half of a side of a box 
%%%%%%%%%%%%%%%%%% 
if(mapType == 0) 
    pSeeds = 139; 
    pSize = 0.116050693; 
else 
    pSeeds = 163; 
    pSize = 0.125510392; 
end 
treeID = 5; 
minSeeds = 0; 
treeSize = pSize * pSize; 
boxSide = floor(sqrt(treeSize) / pSize); 




% Return array 
%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%% 
rees (seed sources) of i% treeFinder: Function to find the coordinates of t
% Matt Kaproth, West Virginia University 
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trees = []; 
%%%%%%%%%%%%%%%%%% 
eeSize box under the point and 
, append the trees array and 
%%%%%%%%%% 
size(map); 
the pixel as a midpoint for 
xSide), length]), max([1, (j - halfBox)]):min([(j + 
= treeID); 
ATLAB hack to do this is to 
(i + boxSide), length]), max([1, (j - halfBox)]):min([(j + halfBox), 
 
% Scanning code 
% 
hen a cell value matches the % Iterate through the entire map, stopping w
reeID type.  Upon interception, build a tr% t
% count the number of seeds.  Afterwards
% continue on. 
%%%%%%%%
[length width] = 
 
for(i = 1:length) 
    for(j = 1:width) 
        if(map(i,j) == treeID) 
             
          % Make a box below the pixel.  Use   
            % the top. 
ap(i:min([(i + bo            tBox = find(m
Box), width])) =half
 
 M            % Calculate the number of seeds. 
            % find all pixels of value treeID, get the length of that 
            % vector, then multiply by pSeeds 
pSeeds) + minSeeds;             numSeeds = floor(size(tBox,1) * 
 
            % Update the tree matrix 
 numSeeds];             trees = [trees; (i + halfBox), j,
 
h pixel as read             % Mark eac
([            map(i:min
width])) = 255; 
end         












Sigma SD-9 Image Date and Light DN Value DN V
6/30/2005 
Shade 220 204 198 
7/15/2005 
Diffuse 220 219 173 
7/29/2005 
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